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The interaction of a supernova (SN) with a circumstellar medium (CSM) can dramatically
increase the emitted luminosity by converting kinetic energy to thermal energy. In ‘super-
luminous’ supernovae (SLSNe) of Type IIn – named for narrow hydrogen lines in their
spectra [1] – the integrated emission can reach ∼ 1051 erg [2, 3, 4, 5, 6], attainable by ther-
malising most of the kinetic energy of a conventional SN. A few transients in the centres of
active galaxies have shown similar spectra and even larger energies [7, 8], but are difficult to
distinguish from accretion onto the supermassive black hole. Here we present a new event,
SN2016aps, offset from the centre of a low-mass galaxy, that radiated & 5×1051 erg, neces-
sitating a hyper-energetic supernova explosion. We find a total (SN ejecta + CSM) mass
likely exceeding 50−100 M, with energy & 1052 erg, consistent with some models of pair-
instability supernovae (PISNe) or pulsational PISNe – theoretically-predicted thermonu-
clear explosions from helium cores > 50 M. Independent of the explosion mechanism,
this event demonstrates the existence of extremely energetic stellar explosions, detectable
at very high redshifts, and provides insight into dense CSM formation in the most massive
stars.
SN2016aps (internal designation, PS16aqy) was discovered by the Pan-STARRS Survey for
Transients [9] on 2016 February 22 UT with an apparent magnitude m = 18.12±0.08 mag in the
i band (7545 A˚). We selected this target for spectroscopic follow-up due to its large brightness
contrast relative to the previously undetected host galaxy, with m& 23.5 mag in Pan-STARRS1
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3pi survey data. Our first spectrum [10], on 2016 March 2 UT, showed hydrogen Balmer emission
lines at a redshift of z = 0.2657, and hence an absolute magnitude of M =−22.5±0.08 mag at
the time of discovery (Methods). A search of archival images from the intermediate Palomar
Transient Factory [11] revealed a rising light curve going back to at least 2015 December 02 UT,
with maximum brightness on 2016 January 17 UT. We obtained further spectra spanning 500 days,
and optical and UV imaging spanning 1000 days. All phases are in the SN rest-frame relative to
the date of maximum brightness.
We imaged the location of SN2016aps 1,017 rest-frame days after maximum brightness us-
ing the Hubble Space Telescope, identifying the previously undetected host galaxy (Figure 1).
The absolute magnitude of the galaxy, MF775W =−17 mag (intermediate between the Small and
Large Magellanic Clouds), indicates a stellar mass M∗ ∼ 108 M (assuming M∗/M ∼ L∗/L)
and likely a sub-solar metallicity (Methods). A compact bright region, visible in both the F775W
(optical) and F390W (ultraviolet) images, is coincident with the SN position and significantly
offset from the center of the galaxy by 0.15′′±0.03′′ (Methods). While some energetic, hydrogen-
rich transients may represent supermassive black hole accretion rather than SNe [7, 8, 12], the
faint galaxy and offset from the nucleus require a SN origin for SN2016aps. The UV image shows
that it occurred in the brightest star-forming region within the galaxy, pointing to a massive star
progenitor.
The spectra (Figure 2) are typical of SLSNe IIn [2, 6], while the peak absolute magnitude
is equal to the most luminous events [6] (Figure 3). What sets SN2016aps apart from all previous
events is the unprecedented combination of a large peak luminosity characteristic of the brightest
‘compact shell’ SLSNe IIn [2], and a slow rate of fading (0.8 mag per 100 days) similar to long-
lived events [13, 14], thought to have more extended CSM. To measure the total optical output
of SN2016aps, we integrate our photometry at each point in the light curve, and fit a blackbody
function to estimate the flux outside of the observed bands (Methods). The radius is roughly
constant at 5× 1015 cm, while the temperature decreases from 10,000 K near peak to 6,000 K
after 200 days (Extended Data Figure 1). The peak luminosity is 4.3× 1044 erg s−1, and the
integrated energy radiated over the time of our observations is Erad = (5.0±0.1)×1051 erg. This
is the largest radiated energy for any confirmed SN; the maximum observed energy for previous
SLSNe is ≈ 2×1051 erg [2, 3, 4, 5, 6]. It was argued that SN2003ma may have emitted up to
4×1051 erg [5], but this is highly uncertain as only 20% of this energy was within the wavelength
range covered by observations, compared to 70% for SN2016aps. Where a normal SN has (just)
enough kinetic energy to power previous SLSNe IIn, the total emission from SN2016aps cannot
be explained without a hyper-energetic explosion [15].
Assuming the light curve is powered by shock-heating of CSM, we use common relations [16]
to estimate the kinetic energy and shock velocity from the luminosity and total emission (see
Supplementary Information). We find an explosion energy E2K/Mej = 4.9 (in units of 10
51 erg
and M) and a shock velocity of vs ≈ 4,600 km s−1. In this model, Erad/EK = 0.32 [16], giving
an ejected mass Mej & 52 M for our measured Erad = 5×1051 erg. We map the pre-explosion
mass-loss, M˙, by inverting the bolometric light curve according to L = 12ψM˙v
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s/vw [17], where vs
is the shock velocity and ψ ∼ 0.5 is the efficiency of converting kinetic energy to radiation [18].
This gives M˙ ∼ 0.1−10 M yr−1 for a wind with velocity vw = 10−1,000 km s−1 (Figure 4). We
can estimate the time of mass ejection as Rs/vw, where the shock radius Rs = vs(t− texplosion). The
integrated CSM mass, lost years to centuries before explosion, is MCSM & 40 M. Photoionization
from external UV radiation in the local star-forming region may help to confine this mass-loss
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close to the progenitor [19]. However, compared to a blue supergiant star with vw ∼ 1,000 km s−1,
the inferred mass loss rate exceeds typical values by 6 orders of magnitude [20].
As the CSM must be ejected shortly before explosion, a constant density corresponding to
a single massive outburst may be more appropriate than a wind. We use the CSM model [21, 22]
in the light curve fitting package MOSFIT to fit the multi-band data (Supplementary Information).
Although we can reasonably reproduce the light curve with the parameters estimated above, it
underestimates the UV luminosity (Extended Data Figure 2). If we vary these parameters in a
Markov Chain Monte Carlo fit, we find that the formal best fit (Figure 4) has Mej = 182+42−23 M,
vej = 6,015+134−134 km s
−1, and MCSM = 158+23−20 M (uncertainties correspond to 1σ range). These
posteriors are relatively insensitive to the CSM density profile (Extended Data Figures 2, 3). The
estimated masses should be treated with caution due to various simplifications (central heat input,
constant opacity, neglecting recombination) inherent in modelling a complex process with an
analytic formalism. However, the requirement for & few×10 M of ejecta and CSM is robust, as
evidenced by the long timescale of the light curve and optically thick spectrum, and comparison
to more detailed hydrodynamic models [23] (Figure 4). We now turn to progenitor and explo-
sion scenarios that can explain the extreme radiated energy in combination with a massive and
hydrogen-rich CSM.
Stars with initial masses of 70− 140 M experience large ‘pulsational PISN’ (PPISN) erup-
tions following core carbon burning [24], before an eventual iron core collapse. A recent example
may have been observed in the hydrogen-poor SN2016iet [25]. Specifically, a progenitor with
a helium core ' 40− 50 M (total initial mass ≈ 100 M at SMC metallicity) begins pulsing
and ejects its envelope ∼years before core collapse. Single star models have difficulty retaining
hydrogen rich material until the final years before explosion, but mergers in massive binaries can
produce the same core mass while retaining a hydrogen envelope [26]. The rate of mergers in the
necessary mass range is estimated to be∼ 1.4×10−3 of the core-collapse SN rate [26] (Methods).
However, the final supernova following the pulses can only meet the observed energy bud-
get of SN2016aps if it forms a millisecond magnetar [24], which then accelerates the ejecta as it
spins down. The massive pre-explosion core may require very rapid rotation to avoid collapse
to a black hole, but a merger in a binary could conceivably spin up the star to facilitate this
process. A millisecond magnetar could also directly contribute to (or even dominate) the radiative
output through its spin-down luminosity, relaxing the requirement for a very massive ejecta, but
the observed spectrum still requires massive CSM ejected shortly before explosion. Several
hydrogen-poor SLSNe have shown evidence of CSM shells at larger radii [27, 28, 29], indicating
that engine formation is still possible following mass ejection. The need for a magnetar lowers
the predicted rate of SN2016aps-like events, likely by an order of magnitude (Methods). The
implied rate of ∼ 10−4 per core-collapse SN and ∼ 10−1 per SLSN IIn is roughly consistent with
not having detected such an event until now.
An exciting alternative is a ‘full’ PISN interacting with a dense environment (a non-interacting
PISN, even from a very massive star, cannot reach the observed luminosity [15]). Blue supergiant
progenitors with zero-age main sequence masses 150−175 M can retain sufficiently massive
helium cores (64−84 M) to encounter a terminal PISN explosion on their second pulse, follow-
ing an initial failed PISN that expels only the hydrogen envelope (a more massive analogue of
PPISNe) [30, 31]. The kinetic energy of ∼ 1052 erg can power an extremely bright interaction. To
retain a hydrogen envelope until explosion likely requires a merger in this case too, but avoiding
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excessive wind losses from the very massive post-merger remnant may necessitate merging only
after core helium burning. With such fine-tuning, the predicted rate in this case is ∼ 2×10−5 of
the core-collapse rate [26].
Detailed simulations will confirm whether SN2016aps is a PPISN, or even the less likely case of
an interacting PISN. This event opens up new possibilities for finding very massive explosions
at high redshift, being much brighter than either non-interacting PISNe or PPISNe without a
central engine. The brightest radioactively-powered PISNe, from 130 M helium cores, are faint
at rest-frame UV wavelengths due to iron group absorption [30]. The Large Synoptic Survey
Telescope (LSST) will be able to detect a radioactive PISN at z. 0.75, whereas a SN2016aps-like
event could be detected out to redshift z& 2 (Methods, Extended Data Figure 4). This increases
the volume over which these massive stars can be detected by a factor ≈ 7. The PISN candidate
SN2213-1745 at redshift z = 2.05 [32] may have been an analogue of SN2016aps, but was not
observed spectroscopically. The upcoming James Webb Space Telescope could spectroscopically
classify a SN2016aps-like event at z& 5, offering a means to directly probe the deaths of first-
generation stars.
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Figure 1: Ground-based and Hubble Space Telescope images of SN2016aps and its
host galaxy. (a) MMTCam i-band (7730 A˚) image of SN2016aps at a phase of 362 days.
(b) HST optical F775W-band image of the host galaxy obtained at a phase of 1017
days. (c) HST UV F390W-band image of the host galaxy at the same phase. All images
were astrometically aligned using a catalog of matched sources in the field of view (not
shown at this scale). The blue circle shows the position of SN2016aps, as measured in
the MMTCam image, with its radius equal to the combined 3σ error from determining
the centroid and aligning the MMT image to the HST images (Methods). SN2016aps
is coincident with the brightest UV emitting region of its host galaxy, providing a direct
connection with on-going star formation activity. The location of SN2016aps is 0.15′′ from
the optical center of its host galaxy.
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Figure 2: Spectroscopic evolution of SN2016aps over 500 rest-frame days following
discovery. (a) The spectra have been smoothed using a Savitsky-Golay filter, with lighter
colours showing the original unsmoothed data, and offset for clarity. Phases (days since
maximum brightness) are labelled in the SN rest frame, based on a redshift of z = 0.2657.
Vertical lines mark the dominant emission lines from neutral hydrogen and helium. (b)
Comparison of two representative spectra of SN2016aps to other SLSNe IIn [2, 6, 14].
SN2016aps shows an early blue continuum and Balmer lines that increase in equivalent
width over time, similar to previous events. (c) Continuum-subtracted Hα emission in the
high signal-to-noise ratio (S/N) spectra from Gemini and Keck. Gaussian and Lorentzian
functions have been fitted to the line profiles, with the latter better reproducing the narrow
core and broad wings. The velocity full-width at half maximum is 4090±230 km s−1 (1σ )
at 80−350 days, indicating an optical depth τ & 6 to Hα photons [14].
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Figure 3: Optical light curve of SN2016aps, in comparison to previous energetic SNe. (a)
Light curve of SN2016aps in rest-frame r (6260 A˚) and u bands (3560 A˚) compared to other
luminous and/or long-lived SNe II/IIn on an absolute magnitude scale (Methods). The
available band closest to rest-frame r was chosen for each comparison SN. SN2016aps
has a peak brightness at least as bright as any other SLSN IIn, but a slow decline rate
(0.78 mag per 100 days in rest-frame r band) previously only seen in lower-luminosity
events, resulting in an integrated electromagnetic output several times greater. (b) Com-
parison of SN2016aps to PISN and PPISN candidates, SN2007bi [36] and SN2016iet
[25]. SN2016aps clearly exceeds both the peak luminosity and radiated energy of these
previous events.
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Figure 4: Full light curves of SN2016aps and derived properties. (a) Bolometric light
curve and Hα luminosity. The data can be fitted with a broken power law transitioning from
a shallow to a steep decline; the Hα luminosity drops steeply ∼ 100 days later. These
drops may indicate the end of shock heating and a transition to diffusion-dominated
luminosity [14, 37]. Overplotted is a SLSN IIn radiation hydrodynamics model for a CSM
mass of 17.3 M and explosion energy of 1052 erg [23]. Although it can reproduce the
peak luminosity, a larger mass is needed to match the long timescale of SN2016aps. All
error bars show 1σ uncertainties. (b) Mass-loss history inferred from the bolometric light
curve for different assumed wind velocities [17]. The progenitor of SN2016aps requires a
mass-loss rate up to 6 orders of magnitude greater than expected for blue supergiant
winds [20]. (c) Multi-colour light curves in optical and UV bands. We overlay realizations
of a CSM interaction model [21] from MOSFIT [22]; the best fit has Mej ∼MCSM & 150 M,
and EK ≈ 3× 1052 erg. Acceptable fits are possible with Mej & 50 M, MCSM & 40 M,
though these under-predict the UV bands (Methods). (d) Schematic illustrating the model
and inferred parameters. For ejecta (core) masses < 65 M (below the PISN threshold),
a magnetar engine may be needed to increase the kinetic energy or luminosity.
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Figure Extended Data 1: Bolometric light curve of SN2016aps. Top: Comparison of
the bolometric light curve to other SLSNe IIn. The integrated luminosity is greater than
any previously known SN. Middle: Temperature evolution from blackbody fits (Methods).
Bottom: Photospheric radius from blackbody fits. Error bars show 1σ uncertainties.
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Figure Extended Data 2: Fit to the light curve of SN2016aps with MOSFIT using a
wind-like density profile. (a) For fixed parameters based on simple scaling relations
(see Supplementary Information). The fit is reasonable overall but systematically under-
predicts the UV bands. (b) Realizations of a full MCMC fit. This matches the UV but
favours masses larger by a factor ∼ 3. Posteriors of the model parameters are given in
Extended Data Figure 3. Error bars show 1σ uncertainties.
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Figure Extended Data 3: Posteriors for physical parameters inferred using the MOSFIT
CSM model. Parameters are shown for fits using both shell (ρ =constant; black) and
wind (ρ ∝ r−2; blue) density profiles. The additional variance (noise) parameter, σ ∼ 0.1,
indicates a similar quality of fit independent of the assumed density. Both models favour
ejected masses & 100M, with a comparable mass of CSM. Drawing from the joint
Mej− vej posteriors gives a kinetic energy Ek ≈ 5×1052 erg in both cases.
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SN2016aps interaction model 130 M⦿ 56Ni decay model
Figure Extended Data 4: Simulated observer-frame LSST light curves in g,r,i,z bands.
The left column shows our interaction model for SN2016aps, while the right column shows
a radioactively-powered PISN model for a 130 Mhelium core (Methods). The rows show
the same models at redshifts z = 0.1, 0.5, 0.75, 1 and 1.5. The interacting model is still
well detected at z = 1.5, because it is bright in the UV (whereas the radioactive model
is heavily absorbed by metal lines). Therefore interacting events like SN2016aps are
detectable over a volume that is larger by a factor & 7. Error bars show simulated 1σ
uncertainties.
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Figure Extended Data 5: Measurements of the Balmer lines. The equivalent width of Hα
increases over the first 300 days as the continuum fades, similar to other Type IIn SNe and
SLSNe, before decreasing in the final epoch. The Hα /Hβ ratio is initially consistent with
recombination (horizontal line), but at later times increases to > 10, indicating collisional
excitation. No Hβ could be measured in the final spectrum, the arrow indicates a lower
limit on this ratio. Error bars show 1σ uncertainties.
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Figure Extended Data 6: Spectroscopic comparison of SN2016aps to the energetic
nuclear transients PS16dtm and PS1-10adi. PS16dtm is thought to be a TDE [7] and
PS1-10adi has been suggested to be a possible SN close to an AGN [8], these two
nuclear transients closely resemble each other. The spectra shown here are at around
200 days after maximum light. SN2016aps is distinguished from these events by broader
and more symmetrical Balmer lines (lacking a red shoulder), and a lack of strong, narrow
Fe II emission. SN2016aps also lacks the [O III] emission seen at 5000 A˚ (see also
Supplementary Information). The apparent absorption in PS16dtm at 7000 A˚ is a telluric
feature from the Earths atmosphere.
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Methods
Spectroscopy We observed SN2016aps spectroscopically using the Ohio State Multi-Object
Spectrograph (OSMOS) [38] on the 2.4-m Hiltner telescope at MDM observatory, the FAST
spectrograph on the FLWO 1.5-m telescope [39], the Blue Channel spectrograph on MMT [40],
GMOS [41] on Gemini North, and the Low Resolution Imaging Spectrograph (LRIS) [42] on
the Keck I 10-m telescope. The majority of these data were reduced in PYRAF, applying bias
subtraction, flat-fielding, and extraction of the 1-dimensional spectrum. Wavelength solutions
were derived using arc lamps, and flux calibration achieved using observations of standard stars.
Keck spectra were reduced using the dedicated LPIPE package [43]. We corrected all spectra for a
foreground extinction of E(B−V ) = 0.0263 [44] and for a cosmological redshift z = 0.2657. We
assumed a Planck cosmology in all distance calculations [45].
Fits to the line profiles with Gaussian and Lorentzian functions were conducted using SCIPY.
We approximated the local continuum by fitting a linear function to the following relatively line-
free regions. For Hα , we used 6100-6300A˚ and 6700-6800A˚ and for Hβ we used 4600-4780A˚
and 4980-5000A˚. The profiles are well fit with a Lorentzian function, indicating that broadening
is due to electron scattering rather than expansion. Fluxes and equivalent widths were obtained
by direct integration. The flux ratio between the Hα and Hβ lines evolves from 2−3 during the
first 50 days, to & 7−10 after 200 days (Extended Data Figure 5). The early ratio is consistent
with hydrogen recombination in ionised CSM, while the late emission can be excited [37] by
the passage of shock fronts through the CSM and ejecta. SN2006gy initially exhibited a similar
evolution, with an early ratio of ≈ 3, but at times & 100 days the ratio increased to more extreme
values ∼ 100. However, a direct comparison of these values with SN2016aps may be misleading,
as SN2006gy showed significant absorption components (both narrow and broad) in both emission
lines.
The spectra shown in Figure 2 have been smoothed using a Savitsky-Golay filter [46]. They
are initially dominated by a blue continuum superposed with hydrogen Balmer emission lines,
typical [2, 6] of these events. As the spectra evolve, SN2016aps most closely resembles [13, 14]
long-duration SLSNe IIn such as SN2010jl and SN2006tf. SLSNe IIn also share some spectro-
scopic similarities with energetic nuclear transients [7, 8], however we argue in the Supplementary
Information that these are physically distinct classes. We show a spectroscopic comparison in
Extended Data Figure 6, highlighting significant differences in the Balmer profiles and iron lines.
Photometry Optical photometric observations of SN2016aps in g,r, i bands were obtained using
KeplerCam on the 1.2-m telescope at Fred Lawrence Whipple Observatory (FLWO), MMTCam
on the 6.5-m MMT telescope , the Gemini Multi-Object Spectrograph (GMOS) on the 8-m Gemini
North telescope, and DEIMOS on the 10-m Keck II telescope. Images were reduced using PYRAF
to apply bias subtraction and flat-fielding. Dark correction was also performed for the MMTCam
images. Photometry was measured with a custom wrapper for DAOPHOT, using nearby stars from
PanSTARRS Data Release [47] 1 to determine the point-spread function (PSF) and photometric
zeropoint of each image. At later epochs, FLWO images from neighbouring nights were co-added
to improve the signal-to-noise ratio.
We subtracted the underlying host galaxy flux from each measurement using the galaxy
magnitudes measured in late-time imaging. In the g band, where no host imaging is available,
we assumed ghost ∼ 24.5 mag by interpolating across the u,r and i bands. We assume a 20%
uncertainty on the host flux in all cases. The change in magnitude following host subtraction
becomes significant (> 0.1 mag) only after ∼ 400 days of the light curve fading, and therefore
has no effect on our estimate of the total luminosity from SN2016aps.
Publicly available Pan-STARRS data in i and z bands, obtained as part of the Pan-STARRS
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Survey for Transients [9], were downloaded from the Pan-STARRS Transient Science Server
hosted at Queen’s University Belfast. These magnitudes are measured by the Pan-STARRS Data
Processing System [48] after subtraction of a reference image, and hence are free of host galaxy
light.
Additional optical photometry was obtained with the CFH12K camera [49] on the Palomar
Observatory 48-inch telescope [50] (P48). Images were processed by the IPAC image-subtraction
pipeline, which subtracts background galaxy light using deep pre-SN images and performs forced
point-spread function (PSF) photometry at the location of the SN [51]. The photometry is then
calibrated to the PTF photometric catalog [52]. We estimate the time of maximum light as MJD
57404 (2016 January 17 UT) using a 4th-order polynomial fit to the PTF g-band data.
We also carried out imaging using the Neil Gehrels Swift Observatory with the UV-Optical
Telescope (UVOT) in the UVW2, UVM2, UVW1, U , B, and V filters. We extracted the SN flux in
each image using a 3” aperture and following the recommended procedures [53], and calibrated
to Vega magnitudes in the UVOT photometric system [54]. As UV imaging covers only the first
∼ 100 days, we assume the host contribution to be negligible in these observations.
When analysing the light curves we accounted for a Galactic extinction E(B−V ) = 0.0263
[44], but assumed internal extinction within the host galaxy was negligible. The galaxy appears to
be a dwarf galaxy similar to the hosts of SLSNe I, which generally have low extinction (consistent
with zero in many cases) [55]. At early times, the Balmer decrement (Hα/Hβ ) in the spectra of
SN2016aps is consistent with the expected value for Case B recombination, which lends support
to a low internal extinction. Finally, we do not see a strong Na I absorption line (thought to be
correlated with dust extinction) [56] from the host galaxy. Including a significant host extinction
would serve to increase the total luminosity of SN2016aps even further, so would only strengthen
the results presented here.
To obtain the absolute r and u-band light curves in Figure 3, we used the S3 package [57] to
derive cross K-corrections from our spectra. We linearly interpolated these corrections to epochs
with photometry. At this redshift, observed i-band was closest to rest-frame r, and observed g
to rest-frame u. The comparison data [5, 6, 14, 13, 58, 59, 37, 60, 61, 62, 63, 64] in the figure
were obtained from the Open Supernova Catalog [33] if possible, or otherwise directly from these
papers.
The bolometric light curve was calculated using SUPERBOL [35], including extinction correc-
tions, interpolation to a common set of epochs, transformation to the rest-frame and blackbody fits.
The bolometric light curve, (on log-linear scale), the derived temperature and radius evolution, and
comparisons to other events, are shown in Extended Data Figure 1. We assume constant colours
prior to discovery, as we only have PTF g-band data at early times. If the photospheric temperature
was higher during the rising phase, as is often the case in SNe, the total luminosity would be even
greater. We also note that we do not have near-infrared data to look for dust formation, common
in interacting SNe at late times [65, 66]. Any late-time infrared excess, as seen [65, 14, 62] in the
spectroscopically similar and slowly-evolving SLSNe IIn SN2010jl and SN2015da, would also
increase the total Erad further. Thus the integrated observed Erad = 5×1051 erg is a conservative
lower limit on the total energy.
To power the peak luminosity with radioactive decay would require ' 20 M of 56Ni. This
decays to 56Co on a half-life of 6 days then to 56Fe on a half-life of 77 days; thus at peak the
energy would be primarily from 56Co decays. Although we favour circumstellar interaction as
the power source in SN2016aps, we note that a radioactively powered light curve still requires a
huge progenitor mass consistent with a PISN: to produce 20 M of 56Ni needs a core mass [30]
& 120 M.
X-rays We imaged SN2016aps with the X-ray Telescope (XRT) on-board Swift. Stacking all the
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data for a total exposure time of 37 ks obtained between MJD 57456.7- 57558.4, we detect no
X-rays to a limiting count-rate of < 4.2× 10−4 ct s−1. We use the online WebPIMMS tool to
convert this to flux, assuming a thermal Brehmsstrahlung spectrum with kT = 20 keV, similar to
SN2014C [67] (one of the best-observed interacting SNe at X-ray wavelengths), and a Galactic
hydrogen column density of 2.27×1020 cm−2 in the direction of SN2016aps. The unabsorbed
flux is FX < 2.0× 10−14 erg s−1 cm−2, corresponding to a luminosity LX < 4.7× 1042 erg s−1
(0.3-10 keV). Taking our peak bolometric luminosity from the UV-optical data, this implies
LX/Lbol < 0.011. SN2010jl had LX/Lbol ≈ 0.01, argued to be low due to attenuation of X-
rays from the shock by the optically thick CSM [14]. Our measurement therefore implies that
SN2016aps exhibits at least as much X-ray attenuation as SN2010jl.
HST imaging and host galaxy properties We obtained late-time data using the Hubble Space
Telescope (HST) on 2019-07-27 UT, corresponding to 1017 days after maximum light in the SN
rest-frame (Program ID: 15709, PI: Nicholl). Drizzled data were downloaded from the Mikulski
Archive for Space Telescopes. We used the F775W filter on the Advanced Camera for Surveys
(ACS) and the F390W filter on Wide Field Camera 3 (WFC3). We matched the F390W image,
and an earlier image from MMTCam, to the F775W image using 12 common sources. The
uncertainty in the astrometric tie is 0.0282” between the ground- and space-based images, and
0.0061” between the two HST images. We determine the SN position to be 10h19m02.124s,
+74◦42’24”.82 in the system of the F775W image, using SEXTRACTOR, with an uncertainty of
0.0084”.
The host galaxy, previously undetected in ground-based surveys, is easily identified in the
HST images. We measure integrated host galaxy AB magnitudes of mF775W = 23.7±0.09 mag
and mF390W = 24.9±0.07 mag, where we have checked using PanSTARRS DR1 sources that any
deviations of the HST imaging zeropoints are smaller than the photometric errors.
An unresolved source at the same position in Keck images obtained on 2019-02-26 has an i-
band measurement consistent with the ACS magnitude, we therefore assume that this measurement
is host-dominated. An r-band image on the same night gives mr = 23.9±0.3 mag.
We used GALFIT [68] to measure the physical size of the galaxy, finding an effective radius of
Re = 2.1 kpc with an axis ratio b/a = 0.27 in the F775W image. We also find that SN2016aps is
offset from the center, as measured in red/optical light, by 3.1 HST pixels, or 0.15”. This is greater
than the uncertainty in the astrometric tie between the SN and host images. Thus SN2016aps is
inconsistent at the ≈ 5σ level with having occurred in the nucleus of its host galaxy.
The F775W filter is very close to rest-frame r band at this redshift. For an inferred absolute
magnitude Mr '−17 mag, we estimate the galaxy stellar mass as M∗/M ∼ L/L, where L =
100.4(M,r−Mr), giving M∗ ∼ 108.6 M. Using the mass-metallicity relation from [69], this implies
a metallicity Z ∼ 0.4Z. A more accurate determination of the host galaxy properties will require
deep spectroscopy and imaging over a broad wavelength range after we are more confident that
SN2016aps has completely faded.
The UV luminosity and spatial extent of the host indicate a mean star-formation rate surface
density of ≈ 0.04 M yr−1 [70], consistent with the lower end of the distribution measured for
Type I (hydrogen-poor) SLSNe [71]. Those explosions are known to favour the brightest UV
(most star-forming) regions of their hosts, suggesting young, massive progenitors [71]. The associ-
ation of SN2016aps with the UV-brightest region of its host thus points to a massive star progenitor.
Rate estimates for interacting (P)PISNe For each of our suggested progenitor channels, we
estimate the rates of forming core masses in the necessary range via binary mergers using a
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pre-established method [26]. The rate is given by:
R = fbin× f1× f2× fsep, (1)
where fbin ' 0.7 is the fraction of massive stars in close binaries [72]. The next factor f1 is
the fraction of primary stars sufficiently massive to form the desired core mass post-merger
(modelled using Modules for Experiments in Stellar Astrophysics [73, 74]), normalised to the
core-collapse SN rate assuming a Salpeter initial mass function and that stars with masses in the
range 8−40 M experience CCSNe. The factor f2 ≈ 0.15 is the fraction of secondary stars, given
a suitable primary, that are sufficiently massive for this channel [26], and fsep is the fraction of
suitable binaries with the appropriate separation to merge during a given evolutionary phase. The
largest uncertainty is on f2, which can be lower by an order of magnitude for more pessimistic
assumptions requiring near-equal-mass binaries [26].
For the PPISN channel, we look for existing models [24] that begin pulsing between ∼
few×0.1−10 years before core collapse. This corresponds to a range in helium core mass of
' 40−50 M. In this case we find (from the MESA models) f1 = 0.03. We assume the merger
can happen at any point after core hydrogen burning; for a log-flat distribution of separations
and a maximum stellar radius of ≈ 760R, this gives fsep = 0.44. Thus the overall rate of
formation of suitable progenitors is RPPISN = 0.7×0.03×0.15×0.44 = 1.3×10−3 per CCSN.
The rate of SN2016aps-like transients will include another factor accounting for those progenitors
with sufficiently rapid core rotation to form magnetars. We estimate fmag ∼ 0.1, i.e. the fastest
10% of rapidly rotating massive stars can produce magnetars [75, 76, 77], giving an overall rate
RPPI+mag ∼ 10−4 per CCSN.
For the more massive PISN channel, the core mass range of interest [30] is ≈ 64−84 M,
which gives f1 = 0.02. However, in this case it is less clear whether the massive merger product
can retain its hydrogen envelope unless the merger happens late (after core helium burning), giving
a much narrower range of allowed separations ( fsep ∼ 0.01). In this case, the estimated rate is
RPISN+CSM = 2.1×10−5 per CCSN. Thus the PPISN channel appears the more likely, even with
its requirement for a central engine.
Detectability with LSST and JWST We use our light curve model (see also Supplementary
Information) to estimate the observability of a transient like SN2016aps for next-generation in-
struments. MOSFIT provides a simple built-in routine to estimate the signal-to-noise for a transient
observation given a specified filter and limiting magnitude. We generate synthetic light curves in
the g,r, i and z bands taking the limiting magnitudes appropriate for the Large Synoptic Survey
Telescope (LSST) [78]: glim = 24.8 mag, rlim = 24.5 mag, ilim = 23.9 mag and zlim = 23.3 mag.
Observations in the u and y bands are shallower so we do not consider them here. We place the
best-fitting CSM shell model at redshifts z = 0.1,0.5,0.75,1,1.5 for these simulations.
We perform the same calculation for a massive radioactively-powered PISN model, based on
a 130 M helium core. Our MOSFIT implementation uses an ejecta mass of 130 M, a radioactive
nickel mass of 39 M, and an ejecta velocity of 8000 km s−1. Absorption by heavy elements is
implemented via a linear cut-off [77] in the blackbody spectral energy distribution below 5000 A˚,
to mimic the red spectra from more detailed simulations [30, 79, 80].
The results are shown in Extended Data Figure 4. While both models are detectable at
low-redshift for 2-3 years in the LSST survey, the situation is very different at higher redshift.
Radioactive PISNe are only detected at z . 0.75 as above this the bulk of their emission is
redshifted out of the optical bands. However a SN2016aps-like massive interacting event can
be detected as far as z ∼ 2, as they do not suffer from the same rest-frame UV absorption (the
power source is not coupled to heavy element production). Thus strong CSM can increase
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the volume over which PISNe are detectable by up to a factor ∼ 7, increasing our chances of
finding PISNe with LSST. However, the distribution of CSM and ejecta properties is currently
unknown, and the volumetric rate of PISNe is highly uncertain (but constrained [32, 81] to be
< 10− 100 Gpc−3 yr−1), making a quantitative estimate of the number of interacting PISNe
unfeasible at this time.
We note that characteristics of a SN2016aps-like event at z = 2 are consistent with the transient
SN2213-1745, discovered [32] in stacked Canada-France-Hawaii Telescope Legacy Survey data
and confirmed to be in a galaxy at z = 2.05. This event is one of the best candidates for a PISN
due to its luminosity and slow light curve evolution, but it was found [32] that the observed flux
was brighter and bluer than massive 56Ni decay-powered PISN models [30]. Interaction with a
massive CSM can explain this blue flux excess, while the required mass is likely still consistent
with a PISN. The peak apparent magnitude r ≈ 24 confirms that events like SN2213-1745 and
SN2016aps will be detectable at z≈ 2 with LSST.
We also calculate the observability of a SN2016aps-like transient with the James Webb Space
Telescope (JWST). At z = 5, SN2016aps would have reached ≈ 24 mag in the NIRCam F410M
filter (40,900 A˚ in the observer frame, corresponding to≈ 6,800 A˚ in the rest frame). This matches
the limiting magnitude for spectroscopy with NIRSpec to achieve a S/N ratio of 10 with the
G495M disperser (covering ≈ 30,000−50,000 A˚). Thus we could comfortably detect the strong
Hα emission and spectroscopically classify a SN2016aps-like event with high confidence as far
as z& 5.
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Supplementary Information
Ruling out a tidal disruption event
One issue that arises in understanding the origin of the most luminous transients is the difficulty
in distinguishing SLSNe from extremely bright tidal disruption events (TDEs), i.e. transients
powered by the destruction of a star passing within the tidal radius of a supermassive black hole.
ASASSN-15lh was previously thought to be the most luminous known SN [12], but subsequent
studies argued that its properties were more consistent with a TDE interpretation [82, 83].
In the case of SN2016aps, we can clearly rule out a TDE explanation. Most TDEs show
a constant or even increasing temperature over time, whereas SN2016aps shows a decreasing
temperature typical of SN cooling (Extended Data Figure 1). The spectrum is also typical of
SLSNe IIn, in particular Lorentzian line profiles (Figure 2) and the evolution of the Hα equivalent
width with time (Extended Data Figure 5). SN2016aps is inconsistent at the ≈ 5σ level with
having occurred in the centre of its host, whereas a TDE would have occurred in the nucleus.
Comparison to SLSNe IIn
Figures 2 and 3 show spectroscopic and photometric comparisons with a number of SLSNe IIn.
Although SN2016aps is more than twice as energetic as any of the other events, there are a number
of similar properties among the class. Considering only events that emit & 1051 erg (SN2006gy,
SN2003ma, SN2008am, SN2008fz, SN2015da, CSS121015) or fade on a similar timescale to
SN2016aps (SN2006tf, SN2010jl), all events show similar maximum light spectra, with blue
continua and dominated by roughly symmetric, scattering-broadened (i.e. Lorentzian) Balmer
lines. This similarity persists for most events [5, 4, 84, 13, 62] throughout their evolution, as
the continuum cools and the equivalent widths of the lines increase. SN2006gy and CSS121015
are exceptions. From around 90 days after explosion, SN2006gy displays a rather asymmetric
Hα line, with a serious of narrow P Cygni absorption lines from slow, unshocked CSM [37],
whereas CSS121015 instead shows broad metal lines resembling [6] SLSNe I. These events may
require a more complex CSM structure. However, the key point is that SN2016aps is not unusual
spectroscopically for a SLSN IIn.
The host galaxy environments provide another point of overlap between many of these
events. CSS121015, SN2008fz, SN2010jl and SN2006tf all occurred in dwarf galaxies, with
absolute magnitudes Mr ≈−17 to −18 mag, comparable to SN2016aps. The host metallicities
estimated from emission line diagnostics are . 0.3−0.4Z for SN2010jl [85] and SN2008am
[4]. In contrast, SN2006gy, SN2003ma, and SN2015da occurred in more massive galaxies with
M ∼ −21 mag. SN2006gy exploded close to the center of a galaxy hosting an active galactic
nucleus, whereas the others were significantly offset from the centers of their hosts [5, 62]. There
was no evidence of AGN variability in the host of SN2003ma in 7 years of pre-SN observations
[5]. This will be important in the next section, when we compare to a population of transients that
seem to occur exclusively in active galactic nuclei.
To summarise: of the eight SLSNe IIn that come closest to SN2016aps in photometric prop-
erties, all show similar maximum light spectra, with six showing similar spectra throughout the
photospheric phases (nebular spectra are not available). Five events occurred in metal-poor or
dwarf galaxy environments. Four events satisfied both of these similarity criteria. The spectro-
scopic consistency is not surprising, as interaction with an opaque, hydrogen-rich circumstellar
shell can lead to similar spectra across a wide range of explosion parameters [23]. Pulsational
PISN mass ejections have been suggested as a plausible means to build up a massive CSM in other
events [37]. The key difference with SN2016aps is that the total energy and long timescale demand
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an extremely high final explosion energy beyond what is possible with conventional core-collapse.
Thus while these events certainly form an observational class, and possibly a physical class if
the CSM is produced by the same mechanism, SN2016aps requires an extra ingredient: either a
significantly larger mass or an extremely energetic explosion.
Simulations of very energetic core collapse SNe leading to SLSNe exist [86, 87], however
the explosion energy is often a free parameter in these models. One physically-motivated way to
get a large explosion energy is through rotation – either in the form of a magnetar central engine
accelerating the ejecta on the spin-down timescale [88], or the launching of jets in a collapsar-like
model [89]. In the latter case at least, the explosion may be highly asymmetric [90]. Unfortunately,
the presence of dense CSM in events such as SN2016aps obscures the geometry of the underlying
ejecta.
Comparison to hydrogen-rich transients in active galactic nuclei
Recently a population of extremely energetic hydrogen-rich transients have been discovered in
the centres of active galaxies [84, 7, 8]. In particular, PS1-10adi radiated [8] ∼ 2×1052 erg. They
have been interpreted by some authors [8, 84] as most likely resulting from SNe interacting with
dense material in the centres of these galaxies, though they do not rule out TDEs as an alternative
explanation. In this section we argue that the latter interpretation is more likely, and that despite
superficial spectral similarity, the off-nuclear SN2016aps is distinct from these events.
Extended Data Figure 6 shows the spectrum [8] of PS1-10adi at around 200 days after
maximum, compared to our Gemini spectrum of SN2016aps at a similar phase. Although the
strongest features in both spectra are the Balmer lines, these lines show a red shoulder in PS1-10adi
but are symmetric (and slightly blueshifted) in SN2016aps, more typical [14] of SLSNe IIn with
electron scattering in an expanding atmosphere. The line profiles, and the presence of narrow Fe
II emission, are much more similar to PS16dtm [7]. This is another transient in an AGN, but in
this case there is strong evidence that the source is associated with the supermassive black hole,
rather than being a SN.
In particular, historical observations from XMM-Newton showed that the AGN is an X-ray
source, but observations with Swift during the optical flare showed that X-rays had faded by at
least an order of magnitude. A SN is unable to obscure the AGN accretion disk, but formation of
an atmosphere or disruption of the existing disk by a TDE naturally explains the X-ray fading.
Interestingly, PS1-10adi showed X-rays that appeared 5 years after the optical flare, which could
be due to the formation of a disk following the TDE, or an existing disk that is revealed after the
debris settles down (the inverse of the process that explains PS16dtm).
Another discriminant between SN2016aps and this population of nuclear transients is the lack
of a mid-IR echo. All of these event studied to date [8], including PS16dtm [7], have shown very
bright mir-IR emission, detected by the Wide-field Infrared Survery Explorer (WISE), following
the optical flare [91]. This has been interpreted [91] as a TDE signature, as the mid-IR luminosity
in these events is challenging to produce with a SN, but consistent with a dusty AGN torus. At
the distance of SN2016aps, a mid-IR echo of a similar brightness to that seen [91] in PS1-10adi
would have been easily detectable, but no variability is seen in WISE data spanning ≈ 1000 days
around the optical peak.
The AGN torus model can also explain [91] two further features of PS1-10adi. The Fe II
emission can occur from sublimation of the same dust responsible for the mid-IR echo (note that
narrow Fe II can also arise from dense gas close to an accretion disk [92]). Furthermore, the
observed optical re-brightening ∼ 2000 days after the light curve peak (not typically seen in SNe)
can arise when an outflow driven by the TDE eventually collides with the torus.
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As well as the locations within their host galaxies differing, the properties of the galaxies
themselves differ between SN2016aps and the nuclear events. The absolute magnitude of the
SN2016aps host is Mg ≈ −16.9 mag, whereas the hosts of the other events are brighter by
> 2.5−5 mag, i.e. a factor 10−100 (note that these are also significantly brigher than most of the
SLSN IIn hosts discussed in the previous section). The peak luminosity of PS1-10adi is consistent
with the estimated Eddington luminosity of the associated AGN [8], and the other nuclear events
are either less luminous or in brighter galaxies, i.e. all are likely radiating below the Eddington
luminosity for the AGN in these galaxies. In comparison, the luminosity of SN2016aps would be
approximately 10× Eddington if it was associated with a supermassive black hole in such a faint
galaxy, assuming typical scaling of the black hole mass with the galaxy mass [93]. Thus while
all the nuclear events can be naturally accommodated within the context of black hole accretion,
from TDEs or otherwise, SN2016aps is much more likely a SN.
The interacting SN model proposed for the nuclear transients can account for the dense
CSM, either as a result of runaway mergers, an existing narrow-line region, and/or ionisation
confinement in the AGN radiation field [8]. However, dense CSM is not the only requirement;
a large explosion energy Ek > Erad is also needed to power the light curve. We are not aware of
any reason why such explosions would occur preferentially near AGN. Most observed (SLSNe,
long gamma-ray bursts) and theoretical (PISNe) SNe with large explosion energies favour low
metallicity environments [55, 94, 95], quite unlike the centres of massive galaxies. Moreover, the
integrated radiation from PS1-10adi is somewhat uncomfortable for SN models, exceeding by a
factor & 2 the maximum predicted emission for hydrogen rich SNe [15]. We therefore conclude
that extremely energetic nuclear transients are quite unlikely to be SNe, leaving SN2016aps as the
most secure case of a SN radiating > 5×1051 erg.
Light curve models
Models from the literature. We estimate the mass and energetics of SN2016aps using analytic
relations [16] for the interaction of SN ejecta with a dense wind. The total radiative energy
released is given by
Erad = 0.44×1050κ0.40.34E1.251 M−0.610 D0.8∗ erg (2)
where κ0.34 is the opacity in units of 0.34 cm2 g−1, E51 the kinetic energy in units of 1051 erg,
M10 is the ejected mass in units of 10 M, and D∗ ≡ 1000M˙/vw is the density parameter for
pre-explosion mass-loss with rate M˙ in M yr−1 and velocity vw in km s−1. Erad is obtained by
integrating the bolometric light curve. The luminosity is given by
L = 7.6×1043κ−0.60.34 E1.251 M−0.610 D−0.2∗ ergs−1. (3)
We divide these two equations to eliminate E51 and M10, and assume κ = 0.34 cm2 g−1 as
appropriate for electron scattering in hydrogen-rich material. This gives the useful relation
D∗ ∝ Erad/L. i.e., a flatter light curve (longer time-scale) indicates a higher density. We find
D∗ = 20.5. This gives M˙ & 0.1−10 M yr−1 for vw = 10−1000 km s−1, fully consistent with
our result in the main text and Figure 4 that used a different relation for the wind density [17].
Putting these values back into either equation allows one to find E2K/Mej.
We then find the interaction radius by putting these values into the relation
Rd = 4.0×1014κ0.80.34E0.451 M−0.210 D−0.2∗ cm, (4)
valid as long as the outer CSM radius is much greater than Rd . This gives Rd = 5.3×1015 cm,
which is reassuringly consistent with the blackbody radius of the continuum emission (Extended
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Data Figure 1). This implies that most of the continuum emission comes from close to the contact
discontinuity.
Finally, the shock velocity is found using
Rd = 5.7×1014κ0.34D∗vsh cm, (5)
where vsh is in units of 104 km s−1. Putting in our earlier results gives vsh ∼ 4600 km s−1.
Interestingly, this means that the transition to a steeper light curve at ∼ 200 days (Figure 4)
corresponds to the doubling timescale of the shocked region.
We also compare to published SLSN IIn models from more realistic simulations [23] in
Figure 4. The data are reasonably consistent with models calculated for a CSM mass of 17.3 M
and explosion energy between 3−10×1051 erg (3−10 times larger than a canonical SN). The
ejecta mass in the model is 9.8 M; the sensitivity to this parameter was not explored in that
study. However, we note that the steeper and earlier drop in the model luminosity compared to
SN2016aps may be an indication that a larger mass is needed to match this event.
Bayesian light curve fit. We fit a circumstellar interaction model to the observed UV and
optical photometry using MOSFIT: the Modular Open Source Fitter for Transients [22]. This is a
semi-analytic code employing a range of modules that can be linked together to produce model
light curves of astronomical transients, and determine the best fitting model parameters through
Bayesian analysis. The interaction model and its implementation in MOSFIT are described in a
number of previous works [21, 96, 97].
We first demonstrate that the model gives a reasonable match to the light curve using the
parameters derived in the previous section. We take the lower limit on ejected mass and assume
Mej = 52 M, and the integrated shocked CSM mass [17], MCSM = 40 M. We further assume
that the observed photospheric radius corresponds to the contact discontinuity (i.e. the inner CSM
radius), and the mass above this radius is set by our derived D∗ = 20.5 (with a corresponding
wind profile for the CSM). We use n = 10 and δ = 1 for the ejecta outer and inner density profiles,
though are results are largely insensitive to these parameters. We set vej = 104 km s−1, larger than
our derived shock velocity, but required to give a total energy EK = 3.1× 1052 erg and match
the peak luminosity. The result, shown in Extended Data Figure 2, gives a good match to the
observations.
Next we free these parameters to find the best fit and Bayesian posteriors for our parameters.
To sample the parameter space we used the affine-invariant ensemble method [98, 99]. We ran
the Markov Chain with 100 walkers for 25,000 iterations, checking for convergence by ensuring
that the Potential Scale Reduction Factor was < 1.2 at the end of the run [100]. Our model has 7
free parameters: the masses of the star and CSM; the ejecta velocity; the inner radius of the CSM;
the density at this inner radius; the time of explosion; and a white-noise term parameterising any
unaccounted-for variance. We use the same priors as for SN2016iet [25], with a few modifications.
We fix the opacity at κ = 0.34 cm2 g−1, appropriate for electron scattering in hydrogen-rich matter,
and the final continuum temperature at 6000 K based on our photometry (Extended Data Figure
1). If left free, the temperature posteriors always converged to this value anyway, so we fixed it to
speed up our model runs. We run one model for a shell-like (constant density) CSM, and one for
a wind-like (ρ ∝ r−2) CSM, but otherwise use the same priors for both models.
To further reduce the number of free parameters, we assume 100% efficiency in radiating the
deposited energy. This efficiency follows that used in similar model fits [96]; a lower efficiency
would require a correspondingly larger explosion energy. The large efficiency is warranted as this
model assumes an extremely optically thick interaction and therefore applies only in the limit of
large masses. We note that for the analytic wind model [17], which does not require a large CSM
mass, we used a lower efficiency of 50%, also guided by previous work [18]. Assuming 100%
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efficiency in that model would reduce the mass-loss curves in Figure 4 by a factor of 2, resulting
in a total mass MCSM & 20 M.
We obtain a similarly good fit for either a wind or shell CSM. The Watanabe-Akaike In-
formation Criterion (WAIC) [101, 102] is essentially indistinguishable between them, with
WAIC= 147.0 for the shell and 147.6 for the wind model. We show the shell model in Figure 4
and the wind model in Extended Data Figure 2. The posterior probability densities of the free
parameters is shown for both models in Extended Data Figure 3. In the wind model, some of the
posteriors lie close to the upper bounds of the priors.
Uncertainties in PISN rate estimates
Both our PISN and PPISN rate estimates contain significant uncertainty, particularly in the f2
parameter (Methods). Furthermore, the MESA models underpinning these calculations were
computed at SMC metallicity. Retaining sufficient mass to reach the pair-unstable threshold
depends on mass-loss rates that are highly sensitive to metallicty. Single star MESA models over
a wider range in metallicity [95] suggest that PISNe should not occur at all at solar metallicity.
The host galaxy of SN2016aps likely has a metallicity intermediate between the LMC and SMC.
At the higher metallicity of the LMC, PPISNe can occur for stars with initial masses & 120 M,
while full PISNe require & 300 M. On the other hand, rapid rotation can lead to chemically
homogeneous evolution and a larger core mass for a given initial mass, thus lowering these
thresholds [31]. This also facilitates engine formation. Given these rather large uncertainties, all
rate estimates should be considered indicative only.
However it is instructive to compare them to the observed rates of strongly interacting SNe.
While literature estimates to date have been based on small numbers, the best current measurement
[103] of the SLSN II rate is 150+151−82 Gpc
−3 yr−1, corresponding to ≈ 3× 10−4− 1× 10−3 per
CCSN. This is in broad agreement with the post-merger PPISN rate. The discovery of SN2016aps
suggests that up to ∼ 10% of SLSNe IIn may exceed the energy budget of a typical SN; the
estimated rates are consistent with such events being those that form magnetars.
We also note that an alternative engine could be fallback onto a central black hole remnant
[104]. Detailed rate estimates are not available for this model, but it seems to require relatively
fine-tuned parameters in order to impact the observed light curve [104].
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